Until now there has been no method for physiologically evaluating nasal hypersensitivity in mice. Enhanced pause (Penh) has been used as an indicator that reflects changes in the lower airway. Recently, however, there is disagreement regarding the significance of the Penh system; this is because Penh is not essentially a physiological parameter, and it might not necessarily represent a change in the lower respiratory tract. The purpose of the present study is to investigate whether Penh could be applicable for analyzing nasal hypersensitivity in mice. BALB/c mice were sensitized with ovalbumin (OVA) through a combination of intraperitoneal injection and daily intranasal challenge in an awake condition. Penh was measured at each time point during sensitization, or a serial change in Penh value was followed after the final nasal challenge and the effect of treatment was assessed. Following sensitization and nasal challenge, the Penh value gradually increased and showed a significant difference on day 14. Changes in IgE, eosinophil infiltration into nasal mucosa, and OVA-induced symptoms all strongly correlated with the increase in Penh. On day 19, after OVA nasal provocation, Penh gradually increased and reached maximal values 25 min after the challenge. Pretreatment with dexamethasone or a histamine H1 blocker significantly suppressed this increase in Penh. We confirmed that intranasal OVA challenge did not induce bronchoconstriction by measuring airway resistance and bronchoalveolar lavage fluid, and through histological examination. These results clearly demonstrate that Penh could be a useful noninvasive indicator for studying nasal hypersensitivity. Laboratory Investigation (2006) 86, 917-926.
Nasal obstruction is a common and important symptom of rhinitis. 1 The inhalation of airborne allergens by patients with allergic rhinitis results in a congestion of the nasal passages that causes difficulty in nasal breathing and often complete nasal obstruction. 2 In human beings, objective methods have been developed to assess nasal patency quantitatively. 3 These methods include the measurement of nasal peak inspiratory flow and nasal peak expiratory flow, the peak flow nasal patency index, 4 anterior and posterior rhinomanometry, 5 and acoustic rhinometry. 6 The ability to reliably evaluate changes in nasal cavity patency in animals is of paramount importance in the study of pathophysiology and the preclinical evaluation of novel treatments for allergic rhinitis. So far, small animals such as rat 7 and guinea pig, 8 or larger animals such as cat 9 and dog, 10 have been used to generate important information on nasal physiology and pathophysiology. Dynamic techniques require invasive procedures, and the experimental animal cannot survive. 7, 8 Static methods, such as acoustic rhinometry, that measure nasal cavity geometry independent of airflow have been used in only large animals in an unconscious condition. 9, 10 Recently mouse models have been employed, because in these animals various kinds of experimental interventions, such as adoptive cell transfer, backcrossing, transgenic procedures, and knockout techniques, are available. Therapeutic trials have also been perfomed in mice. However, until now there has been no way to evaluate changes in nasal cavity patency physiologically in mice because of the difficulty of the measurement of dynamic or static methods.
Enhanced pause (Penh) is a new indicator of lung function. It is a dimensionless parameter representing airway flow limitation. [11] [12] [13] The main advantage of the Penh system is that animals can be handled in a conscious, unrestrained condition. Moreover, the reproducibility of the Penh value itself is high. Although Penh is a rather crude indicator of airway function compared with the precise physiological parameters, such as specific airway conductance (SGaw) or dynamic compliance (Cdyn), Hamelmann et al 11 reported that Penh correlates well with the pulmonary resistance measured with conventional two-chamber plethysmography in anesthetized, unconscious animals under mechanical ventilation. This report supports the reliability of this parameter. So far, Penh has been used for measuring nonspecific bronchial hyper-responsiveness to bronchoconstrictive agents such as methacholine and acetylcholine. [11] [12] [13] [14] [15] On the other hand, because Penh is a dimensionless marker that represents only a change in the pressure of the box chamber, factors besides inflammation in the lower airway tract could affect its value. Recent reports indicated that Penh does not necessarily have a good correlation with airway resistance; 16, 17 it could reflect airflow limitation in the upper airway, including the nasal cavity. However, no report has described an application of the Penh system to study nasal hypersensitivity.
The purpose of the present study was to investigate whether Penh could be applicable to the analysis of change in nasal hyper-responsiveness to a specific allergen. We prepared a murine model of allergic rhinitis by systemic immunization and nasal challenge with ovalbumin (OVA), then analyzed the nasal hyper-responsiveness through the use of the Penh system. We found that the change in the Penh value strongly correlated with the change in various parameters of allergic inflammation in the nasal airway. We also found that Penh precisely reflected the immediate-type hypersensitivity reaction provoked by the nasal allergen challenge. These results strongly suggested that this noninvasive system could be very useful in the study of nasal hypersensitivity.
Materials and methods

Mice
Male BALB/cAJcl mice (5 weeks of age) were obtained from CLEA Corp. (Tokyo, Japan) and housed in an air-conditioned room maintained at 22-241C and 501-60% humidity. All the animal experiments carried out in this study were approved by the Animal Research Ethics Board of the University of Tokyo.
Immunization of Mice and Nasal Challenge
Male mice 5 weeks of age were immunized by an intraperitoneal injection of 2 mg OVA (Worthington Biochemical Corp., Lakewood, NJ, USA)/2 mg of aluminum hydroxide gel on days 0 and 5, followed by daily intranasal challenge (from day 12 to day 19) with 3% (w/v) OVA diluted in 40 ml of sterile normal saline (20 ml OVA solution, 2 Â per mouse). The control mice received saline injection and intranasal challenge instead of the OVA solution. The mice were subjected to the following evaluations on days 0, 12, 14, and 19.
Measuring of the Nasal Response by a Noninvasive Enhanced Pause System
The nasal response to various drug or allergen challenges was measured in unrestrained, spontaneously breathing mice through barometric whole body plethysmography 18 by using the Biosystem XA (Buxco, Troy, NY, USA) whole body plethysmography system, as reported previously. [19] [20] [21] With this system, changes in the chamber pressure during the respiratory cycle of a mouse (during inspiration and expiration) are measured as an indicator of airflow obstruction. Briefly, the mice were placed in the main chamber (animal chamber) of the plethysmograph, and the pressure differences between this chamber and a reference chamber integral to the main chamber (termed the box pressure signal) were measured with a differential pressure transducer connected to the amplifier and were recorded. The box pressure signal is caused by volume and resultant pressure changes in the main chamber during the respiratory cycle of the mouse. From the box pressure signal, the phases of the respiratory cycle, tidal volumes, and enhanced pause (Penh) can be calculated. Penh is a dimensionless value that represents a function of the proportion of maximal expiratory to maximal inspiratory box pressure signals and of the timing of expiration. According to the manufacturer's instructions, Penh was calculated as (TeÀTr)/Tr (defined as 'pause') Â (PEP/PIP), where Te ¼ expiratory time (s); Tr ¼ relaxation time (seconds), defined as the time of pressure decay to 30% of the total expiratory pressure signal (area under the box pressure signal at expiration); PEP ¼ peak expiratory pressure (ml/s); and PIP ¼ peak inspiratory pressure (ml/s). During the swelling of nasal mucosa, the main alteration in the pressure signal occurs during early expiration and leads to changes in the waveform of the box pressure signal. Penh reflects changes in the waveform of the box pressure signal during both inspiration and expiration and combines these changes with the timing comparison of early and late expiration (pause). Penh was measured for 2.5 min for each experiment. 15 Histamine-Induced Nasal Congestion and the Effect of Epinephrine Treatment in Naive Mouse
In eight nonsensitized mice, nasal congestion was induced with 5% (w/v) histamine delivered by intranasal drip (20 ml solution, 2 Â per mouse). At 6 min after the histamine challenge, 0.0005% epinephrine was administered by intranasal drip (20 ml solution, 2 Â per mouse). Penh was followed during the experiment for the first 18 min.
Measurement of Total IgE and OVA-Specific IgE
After the immunizations, blood samples were obtained from some mice and the sera were assayed for total IgE titers. The mice were anesthetized by an intraperitoneal injection of sodium pentobarbital (50-60 mg/kg body weight). The abdominal wall was dissected and a blood sample was obtained with a 26-gauge needle from the inferior cava vein. After the samples had fully coagulated, they were centrifuged (2000 g for 20 min at 41C), and the sera were collected and stored at À701C until use. Total IgE (BD Pharmingen, San Diego, CA, USA) was measured with an ELISA kit. Briefly, antimouse IgE monoclonal antibody was coated on a 96-well plate by incubation at 41C overnight. After it was blocked with PBS with 10% FBS, 60 ml of serum sample or standard solution was added to each well. The standard solution was diluted to 10, 1, 0.1, 0.01, and 0.001 mg/ml, and the samples and standard dilutions were incubated in the plate at room temperature for 1 h. After the plate had been washed thrice with PBS with 0.05% Tween 20 and antimouse IgE antibody solution had been added, the plate was incubated at room temperature for 2 h. After a washing, avidinbiotin reagent solution was added and incubation was continued at room temperature for 1 h. After this, substrate solution was added to the wells and the absorbance at 405 nm was measured after the plate had been allowed to stand at room temperature for 5 to 20 min. The concentrations in the samples were calculated from a standard curve. To measure OVA-specific IgE in sera, the plates were coated with 1 mg/ml OVA/0.1 M carbonate solution instead of captured Abs for IgE; then the ELISA kit was applied.
Infiltration of Eosinophils in Nasal Mucosa
The experimental mice were killed after being anesthetized by an intraperitoneal injection of sodium pentobarbital (50 to 60 mg/kg body weight). The decapitated heads were fixed in 10% formaldehyde 48 h at 201C. Specimens were then decalcified 7 days in 20% EDTA-Na and embedded in paraffin. The paraffin-embedded nasal cavity was transversely sectioned at the level of the maxillary sinus by continuous microtoming at a thickness of 4 mm, and specimens were then deparaffinized and stained with hematoxylin-eosin. Eosinophils were counted by light microscopy. The number of eosinophils was quantified per unit (1 mm 2 ) of epithelial basement membrane to a uniform depth of submucosa by using an eyepiece reticule. 22 The average of cells counted in at least six sections was used for data analysis. The data were obtained from eight mice per group on day 0, day 19, and 24 h after final challenge.
Evaluation of Allergen-Induced Nasal Symptoms
Nasal symptoms were evaluated by counting the number of sneezes and nasal itching motions (nasal rubbing) that occurred within a 10-min interval after daily OVA intranasal provocation. Observations were performed in a cage (60 Â 40 Â 30 cm).
Changes in Penh Value in the Immediate-Type Hypersensitivity Reaction in the Nasal Airway
On day 19, after the eighth nasal OVA challenge, Penh was serially measured for 35 min. Furthermore, to test the effect of drug treatment on Penh value, some challenged mice received intraperitoneal injections of dexamethasone (20 mg/kg) or d-chlorpheniramine maleate (40 mg/kg) 30 min before the OVA challenge. Then, Penh was followed.
Bronchoalveolar Lavage Analysis
After the mice were anesthetized with pentobarbital, the lungs were lavaged four times with physiologic saline (0.5 ml each). Approximately, 1.7 ml of the instilled saline was consistently recovered with gentle handling. Total cell numbers were counted with a hemocytometer. The cells were resuspended again into 1 ml of saline with 1% BSA. Cytospin samples were prepared by centrifuging the suspensions (100 or 150 ml) at 300 rpm for 5 to 10 min. To clearly distinguish eosinophils from the neutrophils, three different stains were applied: Diff-Quick stain, May-Giemsa stain, and Eosino (Hansel) stain. On the basis of the findings with these stainings, cell differentials were counted with at least 300 leukocytes in each sample. The cell types were judged according to standard hemocytologic procedures as neutrophils, eosinophils, lymphocytes, or other mononuclear leukocytes (macrophages and monocytes). Five mice were used on day 0, day 18, day 19, and day 20 (24 h after final challenge).
Measuring Airway Resistance of the Lower Airway Tract and Examination of Lung Tissue
Lower airway resistance was assessed by a measurement of airway resistance (Raw) as reported previously. 19 Briefly, anesthetized mice were tracheostomized and connected to a MiniVent ventilator (Hugo Sachs Elektronik, March, Germany), then ventilated with a tidal volume of 250 ml and a respiratory frequency of 120 breaths/ min. The mice were placed inside whole-body plethysmographs (Buxco) to measure Raw, which was measured, before the nasal allergen challenge on day 19 (n ¼ 5), 20 min after it (n ¼ 5), and 24 h after it (n ¼ 5) on day 19.
To investigate the inflammation of the lower airway in murine allergic rhinitis, the histopathology of lung tissue was examined. The lung was taken from the experimental mice before, 20 min after the final OVA challenge, or 24 h after the final OVA challenge on day 19, fixed with neutralized buffered formalin, and embedded in paraffin. Thick sections (4 mm) were stained with hematoxylineosin. The intensity of bronchial inflammation was assessed.
Data Analysis
The data were expressed as mean7s.e.m. A statistical analysis was evaluated using two-way analysis of cariance (ANOVA) followed by the Student's t-test for comparison between two groups; a critical value o0.05 was considered significant.
Results
Change in Penh after Histamine and Epinephrine Treatment in Normal Mice
First we examined whether histamine delivered into the nasal passage could affect the Penh value. In a preliminary study, we investigated the effect of a solution remaining in the nasal cavity just after intranasal challenge by examination of the Penh after an intranasal delivery of saline in naive mice. Penh increased slightly for only 1 min after nasal challenge (the mean Penh value was 0.5370.25) and soon decreased to the earlier value (the mean Penh value was 0.3670.21). This result indicated that a nonspecific effect of drip liquid persisted only for a very short time. Histamine provoked a rapid increase in Penh within the first 2 min. Penh in these mice remained above the baseline level for the next 18 min (Figure 1) . The histamine-induced increase in Penh was almost completely reversed 3 min after the administration of epinephrine to the nasal passages. We confirmed that the intranasal administration of histamine did not provoke bronchoconstriction of the lower respiratory tract by histology (data not shown). This result indicated that airflow limitation in the nasal passage could affect the Penh value without affecting the lower respiratory tract. Next, we examined serial changes in the Penh value following the development of nasal allergic inflammation.
Change in Penh Following Sensitization and Nasal Challenge
Penh was measured just before systemic OVA sensitization or OVA nasal challenge at each experimental period. Along with the development of nasal allergic inflammation, Penh gradually increased (Figure 2) . The mean values of Penh on days 14 and 19 were significantly higher compared with those on day 0 (Po0.001, respectively). Noninvasive evaluation of murine allergic rhinitis M Nakaya et al
Change in Serum IgE and OVA-Specific IgE Figure 3a shows the change in the serum IgE concentration at each experimental time point (n ¼ 8). In the control group, no significant change in IgE was detected during the experiment. In the OVA-treated group, IgE increased gradually following the time period. There were significant differences between the IgE value on day 0, and those values on days 12, 14, and 19 (day 12, Po 0.05; days 14 and 19, Po0.01). Figure 3b shows a change in the serum OVA-specific concentration at each experimental time point (n ¼ 8). In the control group, serum OVA-specific IgE was not detected during the period of the experiment. In the OVA-treated group, OVA-specific IgE increased gradually following sensitization. There were significant differences between the OVA-specific value on day 0 and those on days 12, 14, and 19, respectively, the same as the change in serum IgE (day 12, Po0.05; days 14 and 19, Po0.01). Figure 4a shows the pathological findings of nasal septal mucosa. Nasal mucosa on day 0 showed no infiltration of inflammatory cells, but on day 12 showed a slight infiltration. Furthermore, nasal mucosa on day 14 showed a moderate infiltration of inflammatory cells, and on day 19 showed an accumulation of inflammatory cells. The mean number of eosinophils in the submucosa gradually increased following sensitization and nasal challenge (Figure 4b ). The mean number of eosinophils in submucosa on day 12 was 2.070.62 (mean value7s.e.m.), and there was no significant difference compared with that on day 0. The mean number of eosinophils on day 14 was 5.2570.88, and there was a significant difference compared with that on day 0 (Po0.05). There was a rapid increase in the eosinophil number from day 14 to day 19 (18.8871.46). A statistically significant difference was detected from day 0 to day 14 (Po0.05) and between day 0 and day 19 (Po0.01).
Eosinophil Infiltration in Nasal Mucosa
Allergen-Induced Nasal Symptoms
Nasal allergic symptoms induced by allergen delivery, such as sneezing and nasal itching, accelerated significantly as a result of daily intranasal challenge. Figure 5a shows the mean number of sneezes/10 min after the intranasal challenge at each experience time (n ¼ 8). The mean number of sneezes on day 12 was not significantly different compared with the number on day 0. The mean numbers of sneezes on days 14 and 19 were significantly greater than on day 0 (Po0.001). Figure 5b shows the mean number of scratches/10 min after intranasal challenge. The mean number of scratches on day 12 was not significantly different compared with day 0. The mean number of sneezes on day 14 or day 19 was significantly greater than on day 0 (Po0.001). Taken together, these results indicate that an increase in Penh value strongly correlated with changes in various parameters characteristic for experimental allergic rhinitis (Figures 2-5 ).
Serial Change in Penh in Immediate-Type Hypersensitivity Reaction in the Nasal Airway
We further extended our study to elucidate whether the Penh system could be applicable to an analysis of immediate-type hypersensitivity in the nasal airway. OVA nasal challenge was carried out on day 19; then serial change in Penh was measured for about 40 min ( Figure 6 ). Immediately after the OVA delivery (1 min), Penh rapidly decreased, probably because of an almost complete obstruction of nasal cavities with the OVA solution. Penh soon recovered to the baseline level in 1 min, and then rapidly increased within a few minutes. Its maximal mean value was 2.9370.27, significantly greater than the prechallenge value (Po0.005). After the rapid increase, Penh gradually increased for approximately 20 min. Its maximal mean value of Penh was 3.7070.27, observed at 25 min after nasal Noninvasive evaluation of murine allergic rhinitis M Nakaya et al challenge (vs base line value; Po0.0001). Penh then slightly decreased. Pretreatment of the sensitized mice with dexamethasone or a histamine H1 blocker induced a slight decrease in baseline Penh value at the time of OVA provocation. In dexamethasonetreated mice, Penh rapidly increased within a few minutes after the OVA provocation, but began to decrease shortly after it reached a maximal value ( Figure 6 ). The Penh continued to decline in this group thereafter. In contrast, in the group of mice that received the H1 blocker, the rapid increase in Penh was not observed. Moreover, Penh remained at a low level throughout the experiment.
Bronchoalveolar Lavage Analysis
To elucidate whether inflammation of the lung would be induced in this murine allergic model, Noninvasive evaluation of murine allergic rhinitis M Nakaya et al we analyzed bronchoalveolar lavage fluid (BALF) findings following the sensitization (Figure 7 ). In the control group and OVA-treated group, no significant changes in the cell number or cell differentials were observed throughout the time period and there was no significant difference among both groups.
Airway Resistance of the Lower Respiratory Tract and Lung Tissue after Nasal OVA Challenge
The average Raw before nasal allergen challenge was 1.45 (cmH 2 O/ml/s); 20 min after nasal challenge it was 1.46 (cmH 2 O/ml/s); and 24 h after nasal challenge it was 1.39 (cmH 2 O/ml/s) (Figure 8a ). There was no significant difference between timepoints. Figure 8b shows the histopathology of lung tissue before and after the OVA nasal challenge. There was a slight degree of infiltration of inflammatory cells into the bronchial tissue in the mouse before the challenge (left), 20 min after the challenge (center), and 24 h after the challenge (right). The intensity of cell infiltration was not different among the three groups. Furthermore, apparent bronchoconstriction was not observed in either group. These results confirmed that the increase in Penh after the nasal allergen challenge was not induced by allergeninduced broncoconstriction in the lower respiratory tract, but by the immediate-type hypersensitivity reaction in the nasal airway in our experimental model of allergic rhinitis.
Discussion
The results of this study clearly demonstrate that the measurement of Penh would be a very useful tool for analyzing the immediate-type hypersensitivity reaction in the nasal airway. Change in Penh during the development of nasal allergy strongly correlated with various indicators of nasal allergic reaction, such as IgE production, eosinophil recruitment in nasal tissue, and allergen-induced symptoms. Moreover, Penh precisely reflected the acute response induced by allergen provocation, and also reflected the effect of drug treatment. So far, the physiological measurement of nasal allergy has been restricted to Noninvasive evaluation of murine allergic rhinitis M Nakaya et al invasive procedures 7, 8 or to the use of larger animals such as cats 9 or dogs. 10 There has been no reliable method for measuring physiological change in the nasal airway in mice. This is the first report demonstrating physiological changes in nasal airway in a conscious, noninvasive condition in mice.
Hamelmann et al 11 reported that Penh correlates well with the pulmonary resistance measured with conventional two-chamber plethysmography in anesthetized, unconscious animals. Penh has been widely used for measuring nonspecific bronchial hyper-responsiveness in murine models of allergic airway inflammation. [11] [12] [13] [14] [15] However, recent studies have suggested that there are problems with the Penh system; that it does not necessarily correlate with airway resistance. Albertine et al 16 and Petak et al 17 have shown that there is an inconsistent relationship between Penh and invasive measurements, especially in C57BL/6 mice. Mitzner et al, 23, 24 Lundblad et al 25 and Enhorning et al 26 have shown that the relationship between the chamber pressure, from which Penh is calculated, and the airway resistance is limited. A reason for this dissociation may be attributed to the method to measure Penh. Because Penh is a dimensionless marker that just represents a change in the pressure of the box chamber caused by airflow limitation, only the changes in the lower airway could not always determine its value. Airflow limitation in the upper airway, including the nasal cavity, might affect the value. Our results clearly confirmed this possibility. The present findings suggest that this noninvasive indicator still could be used widely, but to evaluate the obtained result correctly, we must be careful in regard to the experimental system.
First we examined whether nasal congestion induced by histamine could affect the Penh value. After an intranasal challenge of histamine, Penh increased without lower airway constriction in naive mice, and it decreased with a relief of congestion with the administration of epinephrine (Figure 1 ). Tiniakov et al 10 described a canine model Noninvasive evaluation of murine allergic rhinitis M Nakaya et al of nasal congestion and allergic rhinitis by anterior rhinomanometry and acoustic rhinometry. They showed that histamine-induced increases in resistance to airflow and phenylephrine (a-adrenomimetics) caused a rapid relief of the nasal congestion in nonsensitized canine. In their study, the maximal increase in resistance was about eight times greater than the baseline level. In our study, the maximal increase in Penh was about 2.5 times compared with that of the baseline value before nasal challenge ( Figure 1) . The difference in the data may be due to the difference between animals. In canine nasal mucosa, blood vessels are more abundant than those in mice nasal mucosa. 27 However, a rapid relief of the nasal congestion caused by a-adrenomimetics in nonsensitized canine was similar to our result with mice ( Figure 1 ). These data indicate that Penh could change by congestion or contraction in nasal mucosa of mice without pathological change in the lower airway and thus would reflect nasal hypersensitivity in mice.
Next, we investigated allergen-specific nasal hypersensitivity by the Penh system in a murine model of allergic rhinitis. After systemic sensitization, the intranasal allergen challenge induced an infiltration of eosinophils into nasal mucosa (Figure 4) . Serum IgE and OVA-specific IgE were also produced (Figure 3 ). Penh did not increase by systemic sensitization alone. With intranasal challenge, Penh gradually increased from day 12 to day 14, and increased further along with repeated allergen challenges from day 14 to day 19 ( Figure  2 ). The increase in eosinophils in nasal musosa and serum IgE correlated very well with the increase in Penh value. Furthermore, the intensity of allergic symptoms also correlated well with Penh ( Figure 5 ). Therefore, Penh could be a good indicator to monitor the development of allergic inflammation in murine nasal mucosa.
Finally, we elucidated whether the Penh system could be applicable to an analysis of immediate-type hypersensitivity in the nasal airway. Serial changes in Penh value were followed after intranasal OVA provocation in sensitized mice ( Figure 6 ). We confirmed that an intranasal delivery of OVA solution did not induce bronchoconstriction in the lower airway tract; nor did OVA challenge induce an increase in airway resistance in the sensitized mouse (Figure 8a ). These findings were supported by BALF (Figure 7 ) and pathological findings (Figure 8b ). In a previous study using murine allergic rhinitis, the quantity of allergen solution administered intranasally was 10B60 ml per times. 28, 29 We confirmed that nasal drip of 40 ml blue liquid cannot reach the trachea in the unanesthetized mice (data not shown). Therefore, unanesthetized mice would swallow the rest of allergen without aspiration after nasal drip; only anesthetized mice would inhale all of the liquid allergen. It should be noted that in murine asthma models, aerosol of allergen was used widely, because inhaled particles reach the lung. Therefore, changes in Penh were considered to reflect changes in the nasal airway induced by allergen-specific nasal responses.
In this study, Penh showed a transient decrease just after the intranasal delivery of OVA solution, probably because of a transient, but severe, obstruction of the nasal cavity ( Figure 6 ). Subsequently, Penh increased rapidly within 5 min. After this acute phase, it continued to increase slightly and reached a maximal value at 25 min after the provocation. Treatment of the sensitized mice with dexamethasone could not suppress the rapid increase in Penh, whereas a histamine H1 blocker (d-chlorpheniramine maleate) completely suppressed it. This finding strongly suggests that the main mediator involved in this acute phase is histamine. Although the acute increase was not suppressed, with dexamethasone treatment Penh began to decline after it reached a peak and continued to decline thereafter. The gradual increase observed in the nontreated group of mice between the points of 5 and 25 min was suppressed. In contrast, the effect of histamine H1 blocker continued throughout the experiment. The therapeutic effect of d-chlorpheniramine maleate is mediated not only by histamine H1 receptor antagonism but also by inhibition of the release of both preformed mediators, such as histamine, and de novo synthesized mediators, such as leukotrienes and prostaglandins from mast cells and basophils. 30 Furthermore, glucocorticosteroids suppress the generation of IL-3, IL-5, and GM-CSF by T lymphocytes, leading to a deprivation of the eosinophil survival cytokines, 31, 32 and they directly inhibit the prolongation of eosinophil survival by these cytokines. 33, 34 These data suggest that in the second phase, when Penh gradually increased, numerous mediators other than histamine, such as leukotrienes, prostaglandins, and interleukins, would be involved in the inflammation in the nasal airway, which should be further investigated.
Mice offer many advantages as an experimental animal for the study of nasal allergy. With mice, it is easy to conduct such manipulations as antibody administration, cell transfer, gene transfer, and genetic interventions. Many studies accomplished with these techniques in mice have already been reported, providing much information for the study of nasal allergy. Our results suggest that a combination of these manipulations and the noninvasive Penh system should facilitate the elucidation of the pathophysiology of nasal allergy. Further, Penh would be extremely useful and convenient for an evaluation of the effect of therapeutic agents. Further, this system would also be useful for studying nasal responses other than the immediate-type reaction, such as late phase reaction, and should be investigated in the future.
